• A new GST from Proteus mirabilis strain V7 was cloned and characterized.
Introduction
The glutathione S-transferases (GSTs; EC 2.5.1.18) are a family of multifunctional proteins that can facilitate the nucleophilic attack of GSH to a large variety of reactive electrophilic endobiotic and xenobiotic [1, 2] . GSTs are widely distributed in natural organisms and are found in both eukaryotes and prokaryotes. GSTs play important roles in higher eukaryotes in cellular detoxification against a large number of harmful xenobiotics and endobiotics [1, [3] [4] [5] . In bacteria, GST activity is very low and failed to attract the interest of microbiologists and molecular biologists until fairly recently. Now, bacterial GSTs are also referred as part of a superfamily of enzymes that play a key role in cellular detoxification processes. Besides its role in detoxification, bacterial GSTs are also involved in a variety of distinct metabolic pathways such as the biotransformation of dichloromethane, the degradation of lignin and atrazine, and the reductive dechlorination of pentachlorophenol [2] .
Bacterial GSTs are mainly referred as four different classes: beta, chi, theta and zeta [1, 2, 4, 6, 7] . Beta class of cytoplasmic GSTs (cGSTs), characterized by the presence of a cysteine residue at the GSH site, is able to conjugate the model substrate 1-chloro-2,4-dinitrobenzene (CDNB) and bind to the GSH-affinity matrix [6] . Theta class of GSTs in bacteria exhibits high amino acid sequence similarity to eukaryotic theta class GSTs, which were lack of activity with CDNB and inability to bind to GSH affinity matrices [8] . Zeta class is characterized by the distinctive two serine and a cysteine residues in the GSH site [9] [10] [11] [12] . Chi class of bacterial GSTs is completely lack cysteines, however, it was argued against its incorporation into the beta class [7] . In Proteus mirabilis, three forms of GSTs had been explored [13] . P. mirabilis GST B1-1, the first cGST of beta class, was extensively studied relating to its structure and function [6, [14] [15] [16] [17] [18] [19] [20] [21] [22] . But little information about the character and function of other forms of GSTs from P. mirabilis was reported.
In our present study, a gene encoding a fourth GST from P. mirabilis, named gst Pm -4, was cloned and characterized. The enzyme activity of the recombinant Gst Pm -4 was characterized and the function of Gst Pm -4 in P. mirabilis was investigated. Furthermore, gst Pm -4 was fused with an auto surface display system pBAT1 and the recombinant DNA was hosted in Escherichia coli to generate Top10/pBATGst. The genetically engineered bacterium Top10/pBATGst was explored for its ability to adsorb heavy metal ions, especially Hg 2+ .
Materials and methods

Bacterial strains, growth conditions and chemicals
Escherichia coli strains Top10 and BL21(DE3), and genetically engineered bacteria Top10/pLacP3, Top10/pLacpGst, Top10/pBAT1 and Top10/pBATGst were grown on Luria-Bertani (LB) media with appropriate antibiotics [23] . Ampicillin (Ap) and kanamycin (Kn) were added to a work concentration of 100 and 50 g ml −1 , respectively. P. mirabilis strain V7 was cultured at 28 • C in LB media. Unless otherwise stated, all chemicals used in this study were purchased from Sangon (Shanghai, China).
DNA manipulation and plasmid construction
Plasmid preparation, the extraction of DNA fragments from agarose gels, and the purification of PCR products were performed using the respective kits from Omega Bio-Tek (GA) according to the manufacturer's instructions. Plasmid pBS-T was purchased from Transgen Biotech. (Beijing, China). Restriction endonucleases, alkaline phosphatase, T4 polynucleotide kinase, T4 DNA ligase, Taq DNA polymerase, and Pfu DNA polymerase were purchased from Fermentas (MBI, Beijing) and used in accordance with the manufacturer's specifications. The chromosomal DNA of P. mirabilis strain V7 was extracted according to the method described by Syn and Swarup [24] . Primers were designed according to the sequence of a GST from P. mirabilis strain HI4320, with the accession number AM942759. DNA sequencing was carried out by Sunny Biotech. (Shanghai, China). PCR amplifications were carried out in a Tpersonal thermocycler (Biometra, Germany). To obtain the purified recombinant Gst Pm -4, pETGst was constructed by ligating gst Pm -4, amplified by PCR with the forward primer GSF2 (5 -GACGCATATGATCGATCTTTATTATG-3 ) and reverse primer GSR2 (5 -CATACTCGAGACCAAACAGTTTTTTG-3 ), into pET258, a plasmid constructed by Zhang and Sun [25] , between the NdeI/XhoI sites. To construct pLacpGst, gst Pm -4 also amplified by PCR with primers GSF2/GSR2, was inserted into pLacP3 (also named PL2), a plasmid constructed by Zhang et al. [26] , between the NdeI/XhoI sites. The transcription of gst Pm -4 in Top10/pLacpGst was expected to be induced by the addition of 0.1 mM isopropyl-␤-d-thiogalactopyranoside (IPTG) without interfering the normal cell growth. To display Gst Pm -4 onto the cell surface, the pBATGst translational fusions consisting of the mature Gst Pm -4 protein preceded the secretion segments of an autotransporter from a pathogenic Pseudomonas fluorescens strain TSS was hosted in E. coli strain Top10. gst Pm -4 was amplified by PCR using Pfu DNA polymerase with forward primer GSF3 (5 -ATGATCGATCTTTATTATGCAAACAC-3 ) and reverse primer GSR3 (5 -ACCAAACAGTTTTTTGGCTGC-3 ).
The PCR product was treated with T4 polynucleotide kinase, and was inserted into ScaI site of pBAT1, a plasmid (also named pAT1) constructed by Hu et al. [27] , where the mature Gst Pm -4 protein was fused to the N-terminal (1-208) region and C-terminal (534-1242) of the autotransporter.
Protein purification and enzyme activity
The recombinant Gst Pm -4 was expressed in BL21(DE3)/pETGst, and purified as described previously [25] . Enzyme activity was measured using 2 mM GSH and 1 mM CDNB as substrates, in 0.1 M potassium phosphate buffer with 1.0 mM ethylenediaminetetraacetic acid (EDTA), pH 6.5. The effects of temperature, pH and cations on the enzyme activity of the purified Gst Pm -4 were determined under the standard assay conditions.
Antisera and immunoassays
Preparation of antisera to Gst Pm -4 and Western immunoblotting analysis was carried out as described by Zhang et al. [26] . Enzymelinked immunosorbent assay (ELISA) was done as described by Hu et al. [28] with modification. The whole-cell proteins were prepared by resuspending the cell pellet in lysis buffer (100 mM NaH 2 PO 4 , 10 mM Tris-Cl and 8 M urea; pH 8.0), followed by centrifugation to remove the debris. To obtain the cytoplasmic and outer membrane proteins, the cell pellet was resuspended in cold Tris-Mg buffer (10 mM Tris-Cl with 5 mM MgCl 2 , pH 7.3) and incubated at room temperature for 30 min, and then sonicated using a sonicator equipped with a microtip with sixty 2 s bursts at 200-300 W and a 15 s cooling period between each burst. The lysate was centrifuged at 3000 × g for 10 min to pellet the unbroken cell and the supernatant was collected. The supernatant was centrifuged at 100,000 × g for 60 min at 4 • C, and supernatant was collected as cytoplasmic proteins. The cell debris was resuspended in 10 ml Tris-Mg buffer containing 1% sodium lauroylsarcosine and incubated at room temperature for another 30 min, and then centrifuged at 70,000 × g for 60 min to collect the outer membrane proteins.
Heavy metal resistance
Determination of the minimal inhibitory concentrations (MICs) of heavy metals to P. mirabilis strain V7 was performed as described by Zhang et al. [29] . P. mirabilis strain V7 was grown in LB media containing CdCl 2 , CuCl 2 , HgCl 2 and PbCl 2 at concentrations of 0.005, 0.01, 0.1, 0.5, 1, 2, 5 and 10 mM respectively. The MIC of heavy metal was defined as the lowest concentration that caused no visible bacterial growth. To verify whether gst Pm -4 contributed to the heavy metal resistance, the same amount of cells of Top10/pLacpGst were plated onto the LB solid media supplemented with CdCl 2 , CuCl 2 and PbCl 2 at concentrations of 0.2 and 1.0 mM, respectively. For HgCl 2 , two concentrations of 3.7 and 9.2 M were used. Cells of Top10/pLacP3 were also plated onto the same plates as those used for Top10/pLacpGst. Cells of Top10/pLacpGst and Top10/pLacP3 that were separately plated onto the media without heavy metals were used as control. After incubated at 28 • C for 18 h, the cell numbers on each plate were counted.
Real-time reverse transcriptase PCR (RT-PCR)
Real-time RT-PCR was carried out as described by Zhang et al. [26] . Total RNA was extracted from cells grown in LB media containing each heavy metal by using TRIzol reagent (Invitrogen). Real-time RT-PCR was carried out in an ABI 7500 real-time detection system by using the Sybr ExScript RT-PCR kit (Takara, China). The primers of gst Pm -4 used for RT-PCR were GSF4 (5 -TTTGGCAAGTGGGAGGATTT-3 ) and GSR4 (5 -CAAGATAAGGAGATTGAGCGAGTC-3 ). Each assay was performed in triplicate using 16S rRNA as control. The primers used for the RT-PCR of 16S rRNA were 933F (5 -GCACAAGCGGTGGAGCATGTGG-3 ) and 16SRTR1 (5 -CGTGTGTAGCCCTGGTCGTA-3 ). The comparative threshold cycle method (2 − CT method) was used to analyze the relative mRNA level of gst Pm -4.
Adsorption and desorption of heavy metal ions
Top10/pBATGst and Top10/pBAT1 were grown in LB media to an OD 600 of approximately 1.0, respectively. Then the cells were harvested by centrifugation at 10,000 × g for 5 min, and washed in sterilized PBS for three times. Cell pellets were resuspended in sterilized PBS to a concentration of 2.0 × 10 9 CFU (colony forming unit) ml −1 . Aliquots of 1 ml cell suspension were amended with 1 M CdCl 2 , CuCl 2 , HgCl 2 and PbCl 2 respectively. The heavy metal ions at the same concentrations in PBS without incubation of bacterial cells were used as control. After incubated for 2 h, supernatant was obtained by centrifugation and the unbounded heavy metal ions were determined using ICP-MS (ELAN DRC II, PerkinElmer Ltd). To determine whether the adsorbed heavy metal ions can desorb from the bacterial cells, Britton-Robison (BR) buffer with pH ranging from 3.0 to 11.0 was occupied to resuspend the cell pellets. After gently shaking for 2 h, the supernatant was collected by centrifugation and the released heavy metal ions were determined.
Nucleotide sequence accession number
The nucleotide sequence of the gst Pm -4 has been deposited in the GenBank database under the accession number KC775378.
Results
Genetic identification and characterization of gst Pm -4
The gene encoding a putative GST (named Gst Pm -4) was cloned from P. mirabilis strain V7, a swarming opportunistic pathogen isolated from coastal seawater in north China. Analysis of nucleotide sequence of gst Pm -4 showed that it is an open reading frame with a length of 615 bp, encoding a protein Gst Pm -4 with an estimated molecular mass of 23 kDa and an estimated pI of 6.06. The amino acid sequence of Gst Pm -4 shares, respectively, 18 and 22.5% to the amino acid sequences of GST B1-1 of P. mirabilis strain HI4320 (GenBank accession no. CAR42930) and another GST from P. mirabilis strain HI4320 (GenBank accession no. YP 002150435). A phylogenetic analysis using the other known GSTs is shown in Fig. 1 . Gst Pm -4 contains an N terminal region belonging to GST N Ure2p like subfamily, and a C-terminal resembling alpha helical domain of E. coli YfcG GST. Gst Pm -4 exhibited an obvious GST activity using a standard GST test, i.e., CDNB and GSH as substrates, although it is completely lack of cysteine. Gst Pm -4 showed the highest similarity (45%) to the GST (IsoJ) of Rhodococcus AD45, a new branch that is not grouped into any other class.
3.2. Effects of pH, temperature and cations on the enzyme activity of the recombinant Gst Pm -4 SDS-PAGE analysis showed that one major band, at a molecular mass of approximately 25 kDa, was detected in the whole-cell proteins of BL21(DE3)/pETGst after induced by IPTG. The 6× His tagged Gst Pm -4 was purified using affinity chromatography under native conditions (the inserted figure in Fig. 2a) . The enzyme activity of the purified Gst Pm -4 was highly pH dependent and measurable only within a narrow window centered around pH 6.5, which was apparent the optimal pH, and deviations from this optimal pH led to drastic diminutions in enzyme activity of Gst Pm -4 (Fig. 2a) . Similarly, within the range of the tested temperatures, the enzyme activity of Gst Pm -4 increased with the temperature until the latter reached 30 • C, where Gst Pm -4 exhibited the maximum enzyme activity. Once the temperature rose above 30 • C, the enzyme activity of Gst Pm -4 decreased about 40% when the temperature rose to 50 • C (Fig. 2b) . Table 1 showed the effects of cations on the enzyme activity of Gst Pm -4. The results showed that in contrast to several of the ions tested (Li + , K + , Ca 2+ , Mg 2+ and Mn 2+ ), which exhibited no Fig. 1 . Evolutionary relationship between GstPm-4 and other known GSTs. Multiple sequence alignment was produced by using CLUSTAL W2 [50] . The unrooted phylogenetic trees were constructed by the neighbor-joining method, based on the distances derived from the Dayhoff matrix, with MEGA 4.0 software [51] . The robustness of the branches was assessed by the bootstrap method with 1000 replications. Only nodes with a bootstrap value >25% are reported. The scale bar represents a distance of 0. apparent effects on the enzyme activity, all of the tested heavy metal ions had clearly negative effects on the enzyme activity. 100 M Cu 2+ and Hg 2+ remained only 4.6 and 52.5% of total enzyme activity respectively, while 100 M Cd 2+ and Pb 2+ showed mildly negative effects on the enzyme activity, with 80.2 and 76.1% of enzyme activity remained respectively. Among all the tested heavy metal ions, Cu 2+ showed the strongest negative effect on the enzyme activity of Gst Pm -4. Moreover, its negative effect was obvious even when the concentration of Cu 2+ was 1 M, whereas, the effects of other heavy metal ions were undetectable at concentration of 1 M. Na + at a concentration of 10 M apparently demonstrated a stimulatory effect on the enzyme activity. 
Analysis of Gst Pm -4 involved in the heavy metal resistance
To investigate the MICs of heavy metals, P. mirabilis strain V7 was grown in LB media supplemented with different concentrations of CdCl 2 , CuCl 2 , HgCl 2 and PbCl 2 , respectively. The MICs of CdCl 2 , CuCl 2 , HgCl 2 and PbCl 2 to P. mirabilis strain V7 were 10, 1, 0.01 and 10 mM, respectively. To investigate whether the transcription of gst Pm -4 was involved in the heavy metal resistance, P. mirabilis strain V7 was grown in LB media at 28 • C to an OD 600 of 0.2; the cells were then divided into equal five parts; the first part was cultured continuously under the same condition as original, while the other parts were separately supplemented with 0.1 mM CdCl 2 , CuCl 2 , HgCl 2 and PbCl 2 . All the five parts were grown at 28 • C for another 30 min. Total RNA was extracted from the cells and used for real-time RT-PCR to analyze the mRNA level of gst Pm -4. The result showed that the mRNA level of gst Pm -4 was increased in the presence of each heavy metal, to different degrees. Slight increase in the mRNA level of gst Pm -4 was observed in the presence of CdCl 2 and CuCl 2 , while 10.5-fold and 6.1-fold increase in the mRNA level of gst Pm -4 was determined in the presence of HgCl 2 and PbCl 2 (Fig. 3) .
Gst Pm -4 expressed in Top10/pLacpGst after induced by IPTG showed obvious GST activity, which meant that Gst Pm -4 was expressed as an active GST in Top10/pLacpGst. While no obvious GST activity was detected in the control Top10/pLacP3 (data not shown). The cell numbers of Top10/pLacP3 and Top10/pLacpGst grown in the presence of heavy metals varied as listed in Table 2 . The survival rate of Top10/pLacpGst under 0.2 mM CdCl 2 , CuCl 2 , PbCl 2 , and 3.7 M HgCl 2 was 106, 104, 107 and 105%, while the survival rate of Top10/pLacP3 was 36, 0, 83 and 52%. Similar trends were also observed in the presence of higher concentrations of heavy metals, the survival rate of Top10/pLacpGst under 1.0 mM CdCl 2 , CuCl 2 , PbCl 2 , and 9.2 M HgCl 2 was 102, 49, 99 and 0%, while the survival rate of Top10/pLacP3 was 40, 0, 76 and 0%. Combined all the results indicated that the Gst Pm -4 of P. mirabilis strain V7 was involved in multiple heavy metal resistance.
Localization of Gst
Pm -4 in P. mirabilis strain V7, and genetically engineered bacteria Top10/pLacpGst and Top10/pBATGst ELISA and Western immunoblotting analyses showed that immunization of rat with the purified recombinant Gst Pm -4 protein resulted in the production of Gst Pm -4-specific antibodies (data not shown). Western immunoblotting analysis showed Gst Pm -4 in P. mirabilis strain V7 was detectable in both whole-cell and cytoplasmic proteins, but was undetectable in the outer membrane proteins. This was also the same case in the genetically engineered bacterium Top10/pLacpGst induced by IPTG, in which Gst Pm -4 was guided by its native secretion signal. These results suggested that the Gst Pm -4 in P. mirabilis strain V7 was localized in the cytoplasmic space, and the recombinant Gst Pm -4 in the genetically engineered bacterium Top10/pLacpGst was also localized in the cytoplasmic space (Fig. 4a) . However, Gst Pm -4 was not observed in any part of the proteins of Top10/pBATGst, a genetically engineered bacterium that was expected to express Gst Pm -4 and deliver it as a protein anchored on the cell surface. Since we failed to detect the chimeric protein with a molecular size of approximately 124 kDa using Western immunoblotting analysis, whole-cell ELISA analysis, a mean to detect whether Gst Pm -4 in the genetically engineered bacterium Top10/pBATGst was localized on the cell surface, was carried out. The result showed that only the cells of Top10/pBATGst reacted with the antisera of Gst Pm -4, while the cells of P. mirabilis strain V7, Top10/pLacpGst (induced by IPTG) and Top10/pBAT1 could not react with the antisera of Gst Pm -4 (the inserted figure   Fig. 5 . Adsorption of heavy metal ions by cells of Top10/pBATGst. 2.0 × 10 9 CFU of Top10/pBATGst and Top10/pBAT1 were separately incubated with 1 M CdCl2, CuCl2, HgCl2 and PbCl2 for 2 h, and unbound heavy metal ions was determined. 1 M of each heavy metal in PBS without inoculation of bacterial cells was used as control (C). Data are the means for three independent experiments and are presented as the means ± SE.
in Fig. 4b ). All the obtained results confirmed the fact that Gst Pm -4 in the genetically engineered bacterium Top10/pBATGst could be expressed constitutively without the requirement of induction and be able to be anchored onto the cell surface of the host E. coli strains.
Adsorption of Hg 2+ by Top10/pBATGst
To investigate whether the surface displayed Gst Pm -4 protein possessed the ability to adsorb heavy metal ions, overnight cultured cells of Top10/pBATGst and Top10/pBAT1 were resuspended to a final concentration of 2.0 × 10 9 CFU ml −1 (approximately equal to 2 mg dry cell weight) in PBS containing 1 M of CdCl 2 , CuCl 2 , HgCl 2 and PbCl 2 respectively. After gently shaking for 2 h, the amount of unbound heavy metal ions was determined. As shown in Fig. 5 , while both the cells of Top10/pBAT1 and Top10/pBATGst barely adsorbed Cd 2+ and Cu 2+ , both the cells of Top10/pBAT1 and Top10/pBATGst adsorbed 50% of Pb 2+ . Seventy percentage of Hg 2+ was adsorbed by the cells of Top10/pBATGst, which was 7-fold higher than the 10% of Hg 2+ adsorbed by the cells of Top10/pBAT1. These results suggested that Gst Pm -4 possessed no adsorption capacity toward Cd 2+ , Cu 2+ and Pb 2+ , but owned higher adsorption efficiency toward Hg 2+ , accumulating a level of Hg 2+ corresponding to about 350 nM mg −1 dry cell weight. To investigate the adsorption character of Top10/pBATGst, different concentrations of HgCl 2 were incubated with the same amount of cells of Top10/pBATGst, respectively. As shown in Fig. 6a , within the range of 0.1-100 nM, the cells of Top10/pBATGst showed approximately 100% adsorption efficiency toward Hg 2+ . When the concentration of Hg 2+ rose to 1 M, the adsorption efficiency of Top10/pBATGst decreased to 80%. To investigate whether Top10/pBATGst could be used in the real samples, HgCl 2 spiked in the lake water and seawater at a concentration of 100 nM was incubated with approximately 2.0 × 10 9 CFU of Top10/pBATGst. The adsorption efficiency of Top10/pBATGst showed no difference between in the lake water and seawater, with 97.2 and 96.8% of Hg 2+ adsorbed by the bacterial cells, respectively. These results demonstrated that the genetically engineered bacterium Top10/pBATGst with a constitutive Gst Pm -4 displayed on the cell surface can be used for Hg 2+ adsorption.
To conveniently apply Top10/pBATGst for the removal of Hg 2+ , method to recover the bounded Hg 2+ was also explored. Nine aliquots of Hg 2+ bounded cells were resuspended in the BR solution with pH ranging from 3.0 to 11.0 respectively. Under both acid and alkali conditions, Hg 2+ could desorb from the cells of Top10/pBATGst. Only 15% of the bounded Hg 2+ desorbed from the cells at pH 7.0, while 91% of the bounded Hg 2+ desorbed at pH 3.0. The desorption efficiency remained around 80% within pH ranging from 4.0 to 6.0. Within the range of 7.0-11.0, the desorption efficiency increased as the pH turned from weak alkaline to strong alkali (Fig. 6b) . For the convenience in practice, pH 6.0 was the optimal alternative for Hg 2+ recovery from the cells of Top10/pBATGst.
Discussion
Three forms of GSTs had been isolated from P. mirabilis strain AF 2924. PmGST B1-1 and its conformational isomers with different net charges contribute to about 95% of the total enzyme activity. The amino acid sequence of Gst Pm -4 showed only 18% similarity to that of PmGST B1-1. Another GST-7.3 also seemed structurally related to PmGST B1-1, but no amino acid sequence was described [13] . According to the study of Allocati et al. [21] , PmGST B1-1 contributed to the protection against oxidative stress generated by H 2 O 2 and seemed to be involved in the detoxification of antimicrobial agents. In our present study, a novel Gst Pm -4 of P. mirabilis, was identified and characterized to be involved in heavy metal resistance. Although Gst Pm -4 possesses no cysteine, it is able to conjugate the model substrates CDNB and GSH, which means it belongs to the GST superfamily [30, 31] . Considering the fact that it is generally accepted that proteins with >40% sequence identity belong to the same class, Gst Pm -4 resembling a new branch GST (IsoJ) from Rhodococcus AD45 was confirmed that it belonged to a new class of GST [2] .
In general, heavy metals entered the intracellular space through passive or active transportations to generate the acute toxicity and genotoxicity in microorganisms, especially in bacteria. The genotoxicity relations between the metals can be expressed as Hg 2+ > Cu 2+ > Cd 2+ , and the genotoxic potential of Pb 2+ shows varying and obscuring effects, but evidence is still accumulating [32, 33] . Ure2p-like subfamily confers protection to cells against heavy metal and oxidant toxicity, and also shows GSH peroxidase activity, besides its main role in nitrogen regulation [34, 35] . In this study, heavy metals were also toxic to both P. mirabilis strain V7 and Top10/pLacP3 expressed as Hg 2+ > Cu 2+ > Cd 2+ > Pd 2+ . However, in a Gst Pm -4 overexpressed bacterium Top10/pLacpGst, the resistance to heavy metals was enhanced. Combined the fact that mRNA level of gst Pm -4 in the presence of tested heavy metals was also increased, it thus could be concluded that Gst Pm -4 was involved in the heavy metal resistance. The enzyme activity of Gst Pm -4 was inhibited by all of the tested heavy metals to different degrees, which suggested that the heavy metals interfered with the catalytic process. Of all the tested heavy metals, Cu 2+ showed the greatest inhibitory effect, perhaps for its capacity to interact with GSH to form Cu(I)-glutathione [36, 37] , which is also a biologically occurring complex.
Mercury is one of the most hazardous heavy metals that is discharged into the environment, followed by accumulation through the food chain and the health impact it may cause [38, 39] . Bio sorption is increasingly considered as a potential alternative to adsorb heavy metal ions using materials of biological origin for its low cost of operation, eco-friendly nature, and higher efficiency at low mercury concentrations [39] [40] [41] [42] . Two genetic engineering strategies, by coexpressing proteins (peptides) with an Hg 2+ transport system or by directly expressing proteins on the cell surface, were emerging and receiving more attention [43, 44] . GSTs have been occupied to treat mixed heavy metal (mercury)-organic pollutants previously [45, 46] . In our study, E. coli and a Pfa1-based auto display system were combined to be used as an expression and delivery vehicle for Gst Pm -4. This genetically engineered bacterium Top10/pBATGst was used to adsorb Hg 2+ by the Gst Pm -4 anchored on the cell surface and exhibited high adsorption efficiency. In this case, the Hg 2+ needed not to be transported into the intracellular space. Its adsorption efficiency was 7-fold higher than the control Top10/pBAT1, with 100% of Hg 2+ ranging from 0.1 to 100 nM adsorbed. This adsorption efficiency was higher than the genetically engineered bacteria E. coli strains overexpressed a single membrane component from a Bacillus mer operon (BMerP) and a tilapia metallothionein (tMT), which showed 27 and 25% increase in Hg 2+ adsorption efficiency [47, 48] . Since no cysteine presented in the amino acid sequence, Gst Pm -4 may adsorb Hg 2+ via several charged surface functional groups like carboxyl, amino, carbonyl and hydroxyl that could interact with Hg 2+ through ion exchange and complex formation [42, 49] . The recovery of bounded Hg 2+ on the cell surface of Top10/pBATGst was convenient. The desorption condition for Hg 2+ bounded by cells of Top10/pBATGst was much mild (pH 6.0) than that of Hg 2+ adsorbed by an extracellular biopolymer poly(␥-glutamic acid), in which the release of Hg 2+ increased to 7.3% at pH 2.0, followed by a sharp rise to 82.5% at pH 1.0 [42] .
Conclusions
A novel GST from P. mirabilis strain V7, Gst Pm -4, was involved in heavy metal resistance of P. mirabilis. The presence of heavy metals led to increase in the mRNA level of gst Pm -4, and decrease in the enzyme activity of Gst Pm -4. A genetically engineered bacterium Top10/pBATGst constitutively expressed the chimeric Gst Pm -4 protein and anchored it onto the cell surface of bacterial strains. Almost all of the Hg 2+ within the range of 0.1-100 nM was adsorbed by the cells of Top10/pBATGst, and 80% of the bounded Hg 2+ could desorb from the cells when pH of the suspension solution was 6.0. Combination of all the results in this study not only illustrated the function of Gst Pm -4 involved in heavy metal resistance, but also offered a surface display system Top10/pBATGst that can be potentially used in the treatment of Hg 2+ -contaminated aquatic environments.
